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Abstract 
The present study argues that the issue of sanitation and the solutions to it extends far beyond its mere access; any envisioned 
improvement in sanitation technology must strive to rectify the shortcomings in centralized wastewater treatment wherein end-of-
pipe technologies have been favored. It is evident that with the concurrent trends of projected population growth and 
urbanization, the provisioning of improved sanitation facilities will necessitate greater efforts and socio-technical innovations 
than those in place today. We thus LOOXVWUDWHWKDWVLPXOWDQHRXVSURYLVLRQLQJRIµDFFHVV¶DQGµLPSURYHGVDQLWDWLRQ¶WKURXJKXULQH
diversion and resource recovery can help create multiple-win scenarios in developing countries especially in terms of health, food 
and water security. As a pathway for initiating circularity in flow of resources from sanitation to agriculture, we demonstrate a 
process that enables continuous recycling of nutrients (urea) following the source separation of urine from a urine diversion 
toilet. To do this, we look towards cyclical adsorption-desorption systems in a fixed-bed column packed with renewable agro-
waste based activated carbon. The study places emphasis on the sorption optimization for which a Box-Behnken experimental 
design with Response Surface Methodology was applied. It was concluded that a column bed depth of 45.45 cm, urine flow rate 
of 2 L.h-1 and initial concentration of 20% allows 87.53% recovery of urea from human urine.     
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1. Introduction 
Despite the widespread recognition of the importance of sanitation and hygiene for human survival and 
development, the progress in increasing its access and furthering its improvement have been markedly poor in the 
global south [1]. Human population, estimated to reach around 9.2 billion in 2075 [2] along with the concurrent 
increase in urbanization point towards a scenario wherein, the provision of improved sanitation facilities will 
necessitate greater efforts and socio-technical innovations than those of today. The World Health Organization 
GHILQHVLPSURYHGVDQLWDWLRQDVWKHµFRQQHFWLRQWRDSXEOLFVHZHUFRQQHFWLRQWRDVHSWLFV\VWHPDSRXU-flush latrine, 
a simple pit latrine or a ventilated improved piWODWULQH¶[3].  
However, it must be acknowledged that while increasing the scope and reach of access to sanitation is necessary, 
sanitation and more importantly, hygiene does not end at the toilet, our barrier to microbial pathogens but extends far 
beyond it [4]. In implementing end-of-pipe treatment of human wastes at centralized municipal facilities served by a 
system that carries these waste through water-based sewerages we have unknowingly magnified the scale of possible 
disease transmission [5]. Nevertheless, what should not come as a surprise is the consequential contamination of 
water through the dumping of poorly treated or untreated human wastes that accounts for 1.7 million deaths every 
year, most of which are concentrated in the developing world [6]. In rural areas of the developing world open 
defecation, improper storage of wastes in pits, or wastes flushed into water bodies pose a daily threat to human 
health with nearly 44% of the population following these practices  [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Illustration of the Interlinkage between Resource Recovery and Health, Water and Food Security; *WWTPs: Wastewater Treatment Plants 
An alternative to the business-as-usual approach to sanitation perceives human wastes as nutrient-rich resources 
that can be safely recovered and channeled back to agriculture where it can not only be assimilated but also serve to 
fertilize food crops. In this vein, human urine has been promoted as a potentially free and rich source of plant-
required macronutrients to supplement agricultural productivity [8±10]. Indeed, an average person producing 500 L 
of urine annually could derive fertilizer value amounting to 5.6 kg of Nitrogen, 0.4 kg of Phosphorous, and 1 kg of 
Potassium [11]. Although human urine has been applied as a liquid fertilizer (diluted or otherwise) to derive 
agronomic value and increase plant yields in several areas, it has failed to live up to its potential to replace synthetic 
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inorganic fertilizers at an industrial scale. The reasons for this have been discussed in greater detail elsewhere [12±
14].  
Even so, it is still possible to achieve circularity in the design and implementation of our sanitation systems by 
devising pathways that recover solid fertilizers from human urine which can then be applied to soils to provide the 
same fertilizing effect. Through improvements in toilet design, we have now been able to divert and separately 
collect human urine at large scales [15]; however, it is in the steps following this wherein real socio-economic value 
creation lies. Conventional methods such as precipitation, reverse osmosis, electrochemical processes or ion 
exchange can be applied for resource recovery but suffer from significant drawbacks in process time, capital costs, 
and/or unfeasible operating conditions [16,17].  
Contrary to these, adsorption through the use of renewable agro-feedstock for preparation of the sorbent could be 
seen as a more economic and implementable solution that could even be retrofitted to existing wastewater treatment 
plants. In earlier batch studies, we demonstrated that coconut shells based activated carbon was effective in 
recovering urea from human urine [18,20]. In continuation, this study looked towards fixed bed columns to allow for 
cyclic sorption/desorption. As against batch adsorption, continuous fixed-bed columns can processes larger volumes 
of wastewater and hence, recover higher amounts of target compounds [21]. This paper thus presents results of a 
long-term study on urea recovery from human urine using a fixed-bed column packed with coconut shells based 
activated carbon.    
2. Methodology 
Fresh human urine was obtained daily from 30 healthy male volunteers and stored at -20qC; prior to each 
experimental run, the urine was thawed and allowed to attain room temperature (25±1qC). The urine was 
characterized for total urea, nitrogen and ammonia nitrogen concentration as described earlier [17,18]. Coconut 
shells were processed to manufacture activated carbon as illustrated in Fig. 2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Diagrammatic representation of the adsorbent preparation process 
The granular activated carbon was subsequently packed in a fixed-bed column (׋ 4 cm, height 40 cm) to perform 
the sorption. The purpose of the sorption runs was to investigate the effect of carbon bed depth, urine flow rate and 
LQLWLDOXULQHFRQFHQWUDWLRQRQWKHFROXPQ¶VVRUSWLRQFDSDFLW\DQGSHUFHQWDJHUHFRYHU\RIXUHDIURPXULQH7RGRWKLV
a Box-Behnken experimental design with Response Surface Methodology (RSM) was applied to identify the 
specific set of experiments to be performed as well as to optimize the sorption system [19]. A three-factor, three-
parameter design was chosen that included the experimental peripheries in addition to the general trends (Table 1). 
The three factors considered were; X1 ± bed depth (10 to 50 cm), X2 - flowrate (2 to 6 L.h-1) and X3 ± initial 
concentration (20 to 100%). A randomized set of 17 experiments were generated with the help of Design of 
Microwave Activated          
180 W, 10 min 
Washed, Oven Dried 
at 105°C, 8 h 
Coconut Shells 
Size Reduction 
2-2.5 mm 
Carbonization 
500°C, 1 h 
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Experiments (DoE) (Stat-Ease Inc., MN, USA) and performed under laboratory conditions over the column to 
minimize any errors. 
Subsequently, the following equation was setup to represent the system; 
2
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173163252143322110 XAXAXAXXAXXAXXAXAXAXAAY    (1) 
Here, Y is the predicted response, A0 the intercept coefficient, Ai the linear terms, Aii the squared terms, Aij the 
interaction terms and Xi represents the coded independent variables for the model (Table 1). Analysis of variance 
(ANOVA) was performed to identify interaction between the variables and the responses. The statistical 
significance was checked by Fischer-Test value [20] and the quality of fit was expressed by the Coefficient of 
Determination (R²). 
Table 1. Coded and Actual variables for column sorption optimization 
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3. Results and Discussion 
Design of Experiment (DoE) helps reduce the number of experimental runs without impairing the exactitude of 
results. As the ratio of the highest to the lowest experimental point is within 3.0, the examination was done with no 
transformation. Retrofitting the constraints (X1 ± bed depth, X2 ± flow rate, X3 ± initial concentration) revealed that 
the quadratic model is statistically significant for all cases within the scope of this study and therefore it was used 
throughout the investigation. The set of seventeen experiments, fixing the various levels of process parameters and 
pre-treatment processes were performed (Table 2) allowed the following model equation to be generated (Eq. 2); 
            (2) 
 
Furthermore, to check the accuracy and adequacy of the selected parameters, verification was performed using 
ANOVA (See Table 3). As seen the lack of fit (Probability>F is <0.001) and coefficient of determination (R2 > 0.9). 
By selecting only the significant values (P < 0.001) a negligible lack of fit value was observed that is more reliable 
in terms of adequacy check of the model and its parameters. The models revealed that X1: bed depth (5.0764×10-10), 
X2: flowrate (5.8435×10-11) and X3: initial concentration (4.9089×10-7) as well as the quadratic effects of 
concentration ± X12 and flowrate ± X22 have considerable influence over the column optimization whereas the others 
are relatively insignificant. 
Eq. 2 was further modified to include only statistically significant parameters by neglecting the insignificant ones 
and simplified as Eq. 3 
 
         (3) 
 
As seen in Eq. 3, interconnectedness between any two process parameters is insignificant in the final 
optimization of the column sorption and the 3-D response surface plots validate that the optimization occurs only at 
the periphery of the experiment (Fig. 3).  
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Table 2. Coded and actual variables for column sorption optimization 
Run 
X1:Bed Depth X2:Flow Rate X3:Initial Concentration Y: Adsorption Percentage 
Actual Coded Actual Coded Actual Coded Actual Predicted 
1 10 -1 2 -1 60 0 63.78 64.61 
2 50 +1 2 -1 60 0 84.02 83.85 
3 10 -1 10 +1 60 0 32.88 33.05 
4 50 +1 10 +1 60 0 57.65 56.82 
5 10 -1 6 0 20 -1 58.65 58.19 
6 50 +1 6 0 20 -1 78.87 79.42 
7 10 -1 6 0 100 +1 50.48 49.94 
8 50 +1 6 0 100 +1 71.24 71.70 
9 30 0 2 -1 20 -1 84.24 83.87 
10 30 0 10 +1 20 -1 54.23 54.52 
11 30 0 2 -1 100 +1 76.12 75.83 
12 30 0 10 +1 100 +1 46.22 46.59 
13 30 0 6 0 60 0 71.46 71.46 
14 30 0 6 0 60 0 71.46 71.46 
15 30 0 6 0 60 0 71.46 71.46 
16 30 0 6 0 60 0 71.46 71.46 
17 30 0 6 0 60 0 71.46 71.46 
 
Table 3. Analysis of Variance for column experimental runs and model verification 
Source Sum of Squares Mean Square F Value Prob > F 
Model 3092.97992 343.66444 825.28746 9.51640E-10 
  X1-Bed Depth 924.28501 924.28501 2219.60945 5.07636E-10 
  X2-Flow Rate 1716.39405 1716.39405 4121.80703 5.84354E-11 
  X3-Initial Concentration 127.44061 127.44061 306.04022 4.90893E-07 
  X1.X2 5.13022 5.13022 12.31990 0.009859767 
  X1.X3 0.07290 0.07290 0.17506 0.688187411 
  X2.X3 0.00302 0.00302 0.00726 0.934464181 
  X1^2 158.47674 158.47674 380.57142 2.32069E-07 
  X2^2 138.84761 138.84761 333.43336 3.65734E-07 
  X3^2 1.11674 1.11674 2.68177 0.145514088 
Std. Dev. 0.645304469 R-Squared 0.999058455 
Mean 65.62823529 Adj R-Squared 0.997847897 
C.V. % 0.98327262 Pred R-Squared 0.984935276 
PRESS 46.6388   Adeq Precision 102.6719282 
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Fig. 3. 3-D response surfaces for column sorption optimization 
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4. Conclusions 
The present study successfully demonstrated an optimized and continuous approach towards combined urine 
diversion and urea recovery by the application of agro-waste based activated carbon. Based on column optimization 
study, urea adsorption from urine was highly influenced by the height of the carbon in the column bed, initial urine 
concentration and the flow rate. The parameters were optimised numerically through RSM and the following 
parameters were obtained: bed depth of 45.45 cm, flow rate of 2 L.h-1 and the urea concentration of 20%. By 
utilizing these parametric values the adsorption attains maxima of 87.53%.  
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